Introduction
Since Small et al. first introduced ion chromatography (IC) in 1975, it has been widely used in engineering, science and other fields. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Most ion chromatographs are equipped with a suppressor and an electric conductivity detector (ECD); suppressors, such as a micromembrane [6] [7] [8] and an electrolytically regenerated packed-bed suppressor, [9] [10] [11] [12] [13] [14] are important in that it determines the detection limit in IC. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] A suppressor made available by Dionex in 2001 works with high eluent concentrations, and has a very low dead volume. 12 To improve the commercially available suppressor, we developed a new suppressor, as shown in Fig. 1 . 14 The developed device should meet the following conditions: 1) To maintain a constant electric current between electrodes, and to facilitate ion migration from the ion exchange resin to the membrane, or vice versa, the ion exchange resin must be packed at a high density to prevent movement, and a stream of water must be supplied in C2. 2) To facilitate the emission of O2 gas generated at the anode, a stream of water must be supplied in C1.
3) To prevent the invading of cation from C1 to C2, the anion-exchanger phase must be set in C1. 4) To increase the amount of cations removed from the sample and the eluent, and to facilitate the emission of H2 gas generated at the cathode, the cation exchanger phase must be set in C3, and a water stream must be supplied in C3. Continuous cation removal is performed by electrical regeneration based on an electrokinetic phenomenon on both the surface of the ion exchange resins and the membranes. When a direct current (DC) is applied, hydrogen ion (H + ) is produced on the anode, and hydroxide ion (OH -) is produced on the cathode. Water in the device undergoes electrolysis, as follows:
At the anode: 2H2O → 4H + + O2 (g) + 4e
At the cathode: 2H2O + 2e -→ 2OH -+ H2 (g) Cations contained in the electrolyte solution stream from inlet 2 are absorbed to CE resin, and the absorbed cations move from C2 to C3 on both the surface of the cation exchange (CE) resin and the CE membrane by an electric field. Therefore, although the developed device has a very low dead volume of 7 μl, it has sufficient capacity to remove cations. Since anions contained in the electrolyte solution stream from inlet 2 are not absorbed to the CE resin, they are not moved from C2 to C1. Therefore, the anions are eluted out from outlet 2 without removal. Thus, cations of anti-analyte ions can be removed from the sample and eluent with high selectivity. In addition, the detection sensitivity of IC can be improved because the electric conductivity of the eluent is as low as that of ultra-pure water when using this device as a suppressor, and the detection limit of anions on the sub-ppb order can be achieved.
Experimental

Device for removing cations from the sample and the eluent
The developed device consists of a polyetheretherketone (PEEK) container in which an ion exchanger and two platinum electrodes are installed. As shown in Fig. 1 , it is separated into three cells (C1, C2 and C3) by two separation membranes (SM1 and SM2); SM1 is an anion exchange (AE) membrane and SM2 is a CE membrane. Each of the cells are packed with two types of ion exchange resin; C1 is packed with AE resin, C2 and C3 are packed with CE resin. Dowex 1X8 was used as the AE resin; Dowex 2X8 and Amberlite IRA402BL (Dow Chemical) Herein, we report on the fabrication of a device for removing cations of an anti-analyte ion contained in a sample and an eluent under an electric field. The space in which the electrode is set on both sides of the device is separated into three cells using anion and cation exchange membranes. Each of the cells is packed with either an anion or cation exchange resin. Cation removal is performed by electrical regeneration, based on the electrokinetic phenomenon on both the surface of the ion exchange resins and the membranes. It was verified that the developed device has a very low dead volume, and sufficient capacity for the continuous removal of cations from the sample and the eluent. In addition, the detection sensitivity of ion chromatography (IC) was improved using this device as a suppressor, and a detection limit of anions on the sub-ppb order was achieved. were also investigated as an alternative resin. Dowex 50WX8 was used as the CE resin; Amberlite IR120B (Dow Chemical) was also investigated as an alternative resin. CMF was used as the CE membrane (Asahi Glass, Tokyo). AHA was used as the AE membrane (ASTOM, Tokyo).
Apparatus
The system used in this work is shown in Fig. 2 . It was assembled using a generator for generating an electrolyte solution (0 -4000 μS/cm; a power supply (0 -50 mA, 0 -100 V), Nichiri, Yachiyo, Japan; an acidity solution generator (AG) and a basicity solution generator (BG) were used as a generator in the system of acidity and basicity, respectively), a purifier was used for purifying the generated electrolyte solution (a power supply (0 -50 mA, 0 -100 V), Nichiri; a cation remover (CR) of the developed device and an anion remover (AR) were used as a purifier in the system of acidity and basicity, respectively), a pump (0.75 -0.8 mL/min, CP-8020, Tosoh, Tokyo), a remover for removing the anti-analyte from the electrolyte solution (a power supply (0 -50 mA, 0 -100 V), Nichiri; an AR and a CR were used as a remover in the system of acidity and basicity, respectively) and an electric conductivity detector for measuring the effluent of the remover (CM432, Nichiri).
Results and Discussion
Relationship between the electric current and the amount of removal cations
To confirm the relationship between the electric current and the amount of cations removed, the effluent electric conductivity of the developed device was measured when the developed device was operated at a constant electric current of 0, 5 and 15 mA. The results are given in Fig. 3 . The measurement was carried out using the system for basicity shown in Fig. 2 .
As the electric current was increased, it was found that the electric conductivity of a pure sodium hydroxide solution of about 1700 μS/cm produced in-line by a BG and an AR was as low as that of ultra-pure water by the device developed. The electric conductivity decreased in proportion to the electric current from 0 to 15 mA. This means that sodium ion (Na + ) of the sodium hydroxide solution was sufficiently removed from the sodium hydroxide solution by the developed device. Fig. 3 Relationship between the electric current amount and cation removal amount. The measurement used the system for basicity shown in Fig. 2 . Fig. 2 Schematic diagram of the system used in this work. System for acidity: AG, acidity solution generator; CR, cation remover; AR, anion remover; PW, pure water; P, pump; R, recorder; ECD, electric conductivity detector; W, waste. System for basicity: BG, basicity solution generator; other symbols are the same as those of the system for acidity. Fig. 1 Schematic diagram of the developed device used to remove cations from a sample and an eluent. C1, C2 and C3 = cells 1, 2 and 3 (C1 was packed with AE resin; C2 and C3 were packed with CE resin). SM1 and SM2 = separation membranes 1 and 2 (SM1 was the AE membrane; SM2 was the CE membrane).
Effects of ion exchange resin packed in and stream of water supplied to C1, C2 and C3 on the maintenance of a constant electric current between electrodes
To confirm that a constant electric current between the electrodes was maintained by the packing ion exchange resin and supplying a stream of water in C1, C2 and C3, the effluent electric conductivities of the device developed and with contact between the anode and SM1 converted AE into CE membrane were measured. The results are given in Fig. 4 . The measurement was carried out using the system for basicity shown in Fig. 2 . These devices were operated at a constant electric current of 40 mA. It was found that the electric conductivity of a pure sodium hydroxide solution of about 2000 μS/cm produced in-line by a BG and an AR was as low as that of ultra-pure water by the device developed, and that the effluent electrical conductivity of the developed device did not increase after 25 min of operation, but that the effluent electrical conductivity of the device with contact between the anode and SM1 converted AE into CE membrane increased. For the device with contact between the anode and SM1 changed from AE to CE membrane, although H + that serves as an ion conduction factor is generated by the electrolysis of H2O at the anode in C1, because a large amount of O2 gas is generated at the anode under a high electric current of 40 mA, no stream of water in C1 will be supplied to the point of contact between the anode and SM1, and eventually no H + will be generated. Therefore, no constant electric current was maintained between the electrodes. For the developed device, because the ion exchange resin was packed and a stream of water was supplied in C1, C2 and C3, the O2 and H2 gases generated at the electrodes were exhausted easily from outlets 1 and 3, respectively, and a stream of water in C1 and C3 was supplied to the point of contact between the ion exchange resin and the electrodes. Therefore, a constant electric current between the electrodes was maintained and cations were removed continuously.
Effect of CE resin packed in and stream of water supplied to C3 on the removal of cations
To confirm that the amount of Na + removed from the sample and eluent is increased by supplying a stream of water in C3 packed with the CE resin, the effluent electric conductivities of the device developed and with contact between the cathode and SM2 were measured. The measurement was carried out using the system for basicity shown in Fig. 2 . These devices were operated at a constant electric current of 10 mA. It was found that the electric conductivity of a pure sodium hydroxide solution of about 1500 μS/cm produced in-line by a BG and AR was 69 μS/cm by the device developed, and was 469 μS/cm by the device with contact of the cathode and SM2. For the device with contact between the cathode and SM2, although a stream of water is supplied in C3, because a larger amount of H2 gas at the cathode is generated, the stream of water cannot be supplied to a point of contact between the cathode and SM2, and thus the amount of Na + in the cathode will markedly increase. Therefore, Na + diffused to the CE resin phase in C2, and the effluent electric conductivity of the device became high. For the developed device, because CE resin was packed and a stream of water was supplied in C3, the amount of Na + in the cathode decreased. Therefore, the diffusion of Na + to the CE resin phase in C2 was suppressed, and the effluent electric conductivity of the device became low.
Effect of the anion-exchanger phase in C1 on cations invasion from C1 to C2
To confirm that the invading of cations from C1 to C2 is prevented by the anion-exchanger phase in C1, the effluent electric conductivities of the device developed and being set on both CE resin in C1 and CE membrane as a SM1 were measured. The measurement was carried out using the system for acidity shown in Fig. 2 . These devices were operated at a constant electric current of 40 mA. A pure nitric acid solution of about 600 μS/cm produced in-line by an AG and CR was as low as the electric conductivity of ultra-pure water by an AR. It was found that the effluent electric conductivity of AR when the developed device was used as a CR was 5 μS/cm lower than when the device being set on both CE resin in C1 and CE membrane as a SM1 was used as a CR. For the device being set on both the CE resin in C1 and the CE membrane as a SM1, because cations in the stream of water in C1 invade the CE resin phase in C2 under an electric field, the invaded cations will be eluted by the stream of electrolyte solution from inlet 2. Therefore, the effluent electric conductivity of the device became high. For the developed device, because the anion exchange resin and membrane was set in CC, cations in the stream of water in C1 was not invaded C2 by the acting of anion-exchanger phase as an electrostatic barrier for cations. Therefore, the effluent electric conductivity of the device became low. Although we report only the results obtained using the device in the removal of cations from the sample and eluent, the device is also applicable to anion removal by simple manipulation, such as by changing the polarity of the electrode and ion exchanger, a report on which is being prepared.
Application
To confirm that the developed device has superior operation properties as a suppressor, it was connected to an ion chromatograph (ICA200, TOA DKK, Tokyo, Japan), and determinations on the detection limits of various anions was carried out. A pure sodium hydroxide solution of about 1700 μS/cm produced in-line by BG and AR as an eluent was used. As shown in Figs. 5 and 6, the reproducibility (coefficient of variation (CV, n = 10)) of the retention times for standard inorganic anions were below 0.67%. The reproducibility (CV, n = 10) of the peak height for fluoride (5 ppb), chloride (10 ppb), nitrite (15 ppb), bromide (10 ppb), nitrate (30 ppb), Fig. 4 Effect of the ion exchange resin packed and water stream of water supplied in C1, C2 and C3 on maintenance of a constant electric current between the electrodes. The measurement used the system for basicity shown in Fig. 2 . (1) Using the device developed as a CR and (2) using the device with contact between the anode and SM1 converted AE into CE membrane.
sulfate (40 ppb) and phosphate (30 ppb) of Fig. 6 was 1 .54, 2.16, 0.39, 1.32, 0.39, 4.59 and 2.07%, respectively. The detection limits of fluoride, chloride, nitrite, bromide, nitrate, sulfate and phosphate were 0.18, 0.37, 0.9, 2, 1.34, 2.35 and 18 ppb, respectively. Since the electric conductivity of sodium hydroxide solution of about 1700 μS/cm used as an eluent was as low as that of ultra-pure water by using the developed device as a suppressor, high-sensitivity detection at the sub-ppb order could be performed. It is expected that the measurement that has always been necessary for concentrating the sample will be performed without concentrating. However, it should be noticed that BG and AR as well as the developed device have contributed to produce an effluent of such low conductivity.
The measurement at the sub-ppb level is affected by carbonate ion originating in carbon dioxide gas dissolved in the sodium hydroxide solution as an eluent. Therefore, to produce an effluent of such low conductivity, and to achieve high sensitivity, a pure sodium hydroxide solution of free carbonate ion must be produced in-line by these two devices. Reports concerning fabrication of these two devices are being prepared. As shown in Fig. 7 
Conclusions
A constant electric current between the electrodes could be maintained by using an ion exchange resin packed, and a stream of water supplied in C1, C2 and C3. Cation contamination from C1 to C2 could be prevented by inducing an electrostatic barrier effect for cations of the anion-exchanger phase in C1. The removal amount of cations could be increased by supplying a stream of water in C3. Therefore, the developed device has a very low dead volume, and sufficient capacity for the removal of cations from the sample and the eluent than the conventional one. The electric conductivity of a sodium hydroxide solution of about 2000 μS/cm was as low as that of ultra-pure water. The detection sensitivity of IC was improved using this device as a suppressor, and a detection limit of anions on the sub-ppb order was achieved. 
